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Chapter 4 
 
Sulfur dioxide – relevance of toxic and nutritional effects for 
Chinese cabbage 
 
 
Abstract 
 
Shoots of Chinese cabbage formed a sink for atmospheric SO2 and there was a linear relation 
between the rate of uptake and the atmospheric SO2 level (0.03 to 1.4 µl l-1).  Chinese cabbage 
appeared to be rather susceptible to the toxic effects of SO2. Shoot biomass production was 
reduced upon prolonged exposure to ≥ 0.1 µl l-1 SO2.  SO2 exposure resulted in an increase in the 
content of SO4

2-, water-soluble non-protein thiols and total S in the shoot with atmospheric 
levels of ≥ 0.1 µl l-1, however, the ratio of organic S to total S remained unaffected. The organic 
N content was not affected by SO2 exposure. The impact of SO2 on Chinese cabbage seemed to 
be ambiguous, since the SO2 taken up by the shoot also could be used as S source for growth and 
was even beneficial when SO4

2- supply to the root was deprived. A 5-day exposure of plants to 
0.06 to 0.18 µl l-1 SO2 resulted in an alleviation of the development of S deficiency symptoms 
upon SO4

2- deprivation. An atmospheric SO2 level as low as 0.06 µl l-1 appeared to be sufficient 
to cover the plants' S requirement for growth. The N/S ratio was much lower in SO4

2-sufficient 
plants than in SO4

2-deprived plants in both shoot and root. Exposure of SO4
2--deprived plants to 

SO2 resulted in a decrease in the N/S ratio of the shoot but did not affect that of the root. The 
N/S ratio of the shoot decreased with increasing SO2 levels as a consequence of the increase in 
total S and SO4

2- content. In contrast, the N/S ratio of shoot and root of SO4
2-sufficient plants 

was not significantly affected upon exposure to 0.06 to 0.18 µl l-1 SO2. SO4
2- deprivation 

resulted in a shift in shoot to root biomass partitioning during growth in favor of root production, 
which was not rapidly alleviated when SO2 was used as S source for growth. Its possible 
consequences for Chinese cabbage growing under field conditions are evaluated.  
 
 
Introduction 
 
In many developing countries, SO2 pollution is still of great significance and is the 
consequence of a rapid economic growth, industrialization and urbanization with 
associated increases in demand for energy and technological limitations on the emissions 
control (Shen et al., 1995; Feng, 2000; Emberson et al., 2001; Yang et al., 2002). For 
example, in the largest industrial city of southwest China, Chongqing, the annual average 
SO2 level during 1995 was 0.13 µl l-1, whereas the maximum daily average SO2 level 
exceeded 0.36 µl l-1. In 1996 the average level of atmospheric SO2 in the cities in China 
ranged from 0.001 to 0.16 µl l-1 (Yang et al., 2002). In 2002, 22.4% of the cities in China 
had a higher annual average SO2 level than 0.024 µl l-1 and in one-third of the monitored 
cities the annual average precipitation pH value was lower than 5.6. In developing 
countries agricultural crop yields are at most risk from current levels of SO2, since they 
are grown close to emission sources. With the rapid development of cities, there is a 
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huge demand for fresh fruits and vegetables in the cities. However, the transportation 
system in the developing countries is relatively poor and therefore most fruit and 
vegetable producing areas are located around the densely populated areas. In developed 
countries, the conditions are quite different and since the 1970s the level of SO2 pollution 
in Europe and North America has been diminished as the consequence of a strict 
regulatory control on SO2 emissions. For instance, in the U.K., the SO2 emission 
decreased from 6.4 x 109 kg in 1970 to 2.8 x 109 kg in 1995. In Western Europe the 
atmospheric S deposition has decreased from 70 kg ha-1 yr-1 in 1970s to less than 10 kg 
ha-1 yr-1 currently (McGrath et al., 2002). The drastic reduction of atmospheric SO2 
deposition appears to be one of the primary causes of widespread S deficiency symptoms 
in crop plants resulting in a loss of crop yield and quality (Schnug and Evans, 1992; 
Ceccotti and Messick, 1997; Zhao et al., 1999; Thomas et al., 2003). In order to prevent 
economic losses, fertilizer practice has to be adjusted and in several agricultural areas 
supplemental S fertilization is needed in order to prevent economic losses. 

Plants form a sink for atmospheric SO2, which can be taken up by the foliage. The 
foliar uptake is determined by its diffusion through the stomata, since the internal 
(mesophyll) resistance to SO2 is low due to its high solubility and rapid dissociation in 
the cell sap. It may either enzymatically or non-enzymatically be oxidized to SO4

2- and 
then transported into the vacuole where it seems to be poorly accessible for 
remobilization (De Kok, 1990; De Kok and Tausz, 2001). The toxicity of SO2 may be 
caused by the negative consequences of acidification of tissue/cells after the dissociation 
of the absorbed SO2 and the reaction of the formed sulfite with cellular components. 
There is a wide inter-specific and intra-specific variation in susceptibility between 
species, however, the physiological basis for the variation in air pollution response is still 
largely unresolved (De Kok, 1990; Verma and Agrawal, 1996; Verma et al., 2000; De 
Kok and Tausz, 2001).  

The impact of SO2 on plant functioning appears to be paradoxical, since in addition to 
its toxicity the absorbed SO2 may also be used as a nutrient (De Kok, 1990; De Kok et al., 
1998, 2000; De Kok and Tausz, 2001; Deepak and Agrawal, 2001). Foliarly absorbed 
SO2 may directly or after its oxidation to SO4

2- enter the S assimilatory pathway and be 
reduced to sulfide, incorporated into cysteine and, subsequently, organic S compounds, 
and utilized as S nutrient (De Kok, 1990; De Kok and Tausz, 2001; Tausz et al., 2003). 
Plants may benefit from SO2 exposure since it may contribute to the plants’ S nutrition, 
and exposure may result in enhanced yields, especially when the SO4

2- supply to the root 
is limited (Ernst, 1993, 1998; Van Der Kooij et al., 1997; De Kok et al., 1997, 2000).  

Chinese cabbage is an important vegetable crop in China, which is grown widely 
throughout the country because of its rapid biomass accumulation, cold resistance and 
short growing period. For instance, the area under cultivation for Chinese cabbage 
reached 14,400 hectares in Beijing in 2001 and 12,000 hectares in Tianjin in 2003 with 
yields of 8×108 kg and 6.3×108 kg, respectively. Most vegetable producing areas are 
located around the big cities and the air pollutant levels are relatively higher than those 
of the outskirts. Usually the growing season for most Chinese cabbage is from autumn to 
the beginning of winter in northern China, though the growing area in spring and 
summer has increased in recent years. Chinese cabbage production may be affected by 
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SO2, since its level is usually much higher in the heating season (October to March) than 
in the unheated season (April to September) (Yang et al., 2002). It remains to be 
questioned to what extent atmospheric SO2 affects Chinese cabbage production under 
intensive farming practice with a general use of low S or even S-free fertilizers. In the 
present paper the impact of different levels of SO2 on Chinese cabbage was studied. The 
interaction between atmospheric SO2 and pedospheric SO4

2- nutrition was studied in 
order to evaluate to what extent SO2 may be considered as toxin or nutrient for Chinese 
cabbage.  

 
 

Materials and methods  
 
Plant material 
 
Seeds of Chinese cabbage (Brassica pekinensis, cv. Kasumi F1, Nickerson-Zwaan, the 
Netherlands and cv. Beijing 3, BVRC, China) were germinated in vermiculite in a 
climate-controlled room for 10 days. Day and night temperatures were 20 and 17 °C, 
respectively, with a relative humidity of 60-70%. The photoperiod was 14 h at a photon 
fluence rate of 275 ± 25 µmol m-2 s-1 (PAR 400-700 nm).  
 
SO2 uptake 
 
Ten-day-old seedlings were transferred to 30 l tanks (60 plants per tank) containing a 
25% Hoagland nutrient solution, pH 6.0, and grown in a climate-controlled room for 1 
week. For SO2 uptake measurements plants were taken from the nutrient solution and 
transferred to 0.1 l plastic pots (3 plants per pot) filled with fine perlite and moistened 
with nutrient solution. The pot and perlite were covered with aluminum foil. The uptake 
of SO2 by shoots was measured in cylindrical 3 l glass cuvettes (temperature at 23°C ± 
2°C), in 4 parallel measurements. The airflow through the cuvette was approximately 135 
l h-1, the relative humidity was about 50 ± 10%, and the photon fluence rate was 190 ± 10 
µmol m-2 s-1 (PAR 400 - 700 nm). SO2 uptake and transpiration were derived from the 
difference in concentration of SO2 and H2O vapor between the inlet and outlet ports of 
the cuvettes, air flow through the cuvette and total shoot fresh weight of the exposed 
plants, and calculated according to De Kok et al. (1991). SO2 uptake at different SO2 
levels was measured after stabilizing for 1 hour at each new level. 
 
SO2 exposure 
 
Plants were exposed to SO2 in cylindrical stainless steel cabinets (65 cm diameter, 185 l 
volume) with polycarbonate tops. Day and night temperatures were 21 and 18 ± 1 °C 
respectively, relative humidity was 40-50% and the photoperiod was 14 hours at a 
photon fluence rate of 325 ± 25 µmol m-2 s-1 (PAR 400-700 nm) at plant height, with a 
Philips HPL(R)N (400W) as light source. Adjusting the cabinet wall temperature 
controlled the air temperature of the cabinets, the air exchange was 40 l min-1 and a 
ventilator stirred the air inside the cabinets continuously. Pressurized SO2 diluted with N2 
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(1 ml l-1) was injected into the incoming air-stream and adjusted to the desired level by 
ASM electronic mass flow controllers (Bilthoven, The Netherlands). SO2 level in the 
cabinets was measured by a SO2 analyzer (model 9850, Lear Siegler Measurement 
Controls Corporation, Englewood, USA).  

For studies on the impact of elevated SO2 on plant growth, 10-day-old seedlings of 
both Chinese cabbage cultivars were grown in 0.8 l pots on soil without nutrient 
limitation (Tulip PROFI No. 4, BOGRO B.V., Lendenberg, Holland) in the climate-
controlled room for 4 days. The plants were then exposed to various levels of SO2 for 10 
days. Before the pots were transferred into the fumigation cabinets, the soil was covered 
with black plastic granules to prevent absorption of the SO2 by the moist soil surface.  

For studies on the interaction between atmospheric SO2 and pedospheric S nutrition, 
10-day-old seedlings of the two Chinese cabbage cultivars were transferred to 25% 
Hoagland nutrient solution with 1.25 mM Ca(NO3)2.4H2O, 0.23 mM KH2PO4, 1.25 mM 
KNO3, 0.5 mM MgSO4. 7H2O, 11.6 µM H3BO3, 2.3 µM MnCl2.4H2O, 0.24 µM 
ZnSO4.7H2O, 0.080 µM CuSO4.5H2O, 0.13 µM Na2MoO4.2H2O, adjusted to pH 6.0 with 
KOH (Westerman et al., 2001) and grown in the climate-controlled room. After 9 days 
plants were transferred to 25% Hoagland nutrient solution with 0 or 0.5 mM SO4

2-  (in 
the 25% Hoagland solution without SO4

2-, MgSO4 was replaced by MgCl2 and all 
micronutrient SO4

2- salts by their Cl- salts), acclimated for 1 day in the fumigation 
cabinets, and then exposed to various levels of SO2 for 5 days.  
 
Plant growth, total S, total N, anions, thiols, amino acids and pigments  
 
Fresh and dry (120 °C overnight) shoot and root weight were measured (for the 
experiments in soil, only the shoot was harvested). Shoot and root biomass production 
was calculated by subtracting the initial weight from the weight at harvest. Analysis of 
the total S content was carried out as described by Durenkamp and De Kok (2002). Total 
N was determined with the Kjeldahl method according to Barneix et al. (1988). The 
anions (SO4

2- and NO3
-) were extracted from dry and powdered shoot material (for the 

experiments in soil) or from frozen shoot and root material (for the experiments in 
nutrient solution) and determined refractrometrically after HPLC separation (Tausz et al., 
1996; Durenkamp and De Kok, 2002).  

Water-soluble non-protein thiols were extracted from fresh material according to 
Stuiver et al. (1992) and the DTNB-reactive compounds were measured as described by 
De Kok et al. (1988). Free amino acids were extracted from frozen material and 
measured after deproteinization (Stuiver et al., 1997) by colorimetric determination of 
the ninhydrin-reactive groups. Chlorophyll and carotenoids were extracted from frozen 
material and determined according to Lichtenthaler (1987). 
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Results 
 
SO2 uptake kinetics  
 
Shoots of Chinese cabbage formed a sink for atmospheric SO2 and there was a linear 
relation between the rates of SO2 uptake by both Chinese cabbage cultivars and the 
atmospheric SO2 levels (Fig. 1). Shoot transpiration rate was hardly affected by SO2. 
There were only very slight differences between two cultivars of Chinese cabbage in the 
rates of SO2 uptake and transpiration (Fig. 1). 
 
Biomass production and metabolite content of soil-grown plants upon SO2 exposure 
 
In order to assess the susceptibility of Chinese cabbage to SO2, seedlings of the two 
cultivars were grown in soil and exposed to various levels of SO2 ranging from 0.1 to 0.8 
µl l-1 for 10 days. The Chinese cultivar Beijing 3 appeared to be more susceptible to SO2 
than the Dutch cultivar Kasumi F1. The shoot biomass production of Kasumi F1 was 
only reduced upon exposure to SO2 levels higher than 0.2 µl l-1, whereas that of Beijing 3 
was already significantly reduced at 0.1 µl l-1. Exposure to 0.1 and 0.2 µl l-1 SO2 resulted 
in a decrease of 26% and 33% in the shoot fresh biomass production of Beijing 3, while 
that of Kasumi F1 remained unaffected. At ≥ 0.4 µl l-1 SO2 the biomass production of 
both cultivars was substantially reduced. SO2 exposure resulted in a decrease in dry 
matter content of the shoot of both cultivars at all atmospheric levels (Table 1).  

SO2 exposure also resulted in an increase in total S content of the shoot of both soil-
grown Chinese cabbage cultivars. This increase was nearly linear with increasing SO2 
level up to two-fold at 0.8 µl l-1 SO2 (Table 1). The increase of total S could be attributed 
to an increase in both the SO4

2- and organic S content (Table 1). In both cultivars the 
proportion of the organic S fraction accounted for 30% of the total S content, which 
remained unaltered upon SO2 exposure (Table 1).  SO2 exposure resulted in an increase 
in the levels of water-soluble non-protein thiol compounds in the shoot. The thiol content 
increased with the SO2 level up to 1.8-fold and 3-fold in Kasumi F1 and Beijing 3 at 0.8 
µl l-1 SO2, respectively (Table 1). 

Total N and NO3
- contents of the shoots of Kasumi F1 and Beijing 3 were not 

significantly affected at 0.1 to 0.8 and 0.1 to 0.2 µl l-1 SO2, respectively (Table 1). 
However, in Beijing 3 there was a slight increase in total N content of the shoot at ≥ 0.4 
µl l-1 SO2, which mainly could be attributed to an increase in the NO3

- content (Table 1). 
The organic N content in both cultivars was not affected by SO2 (Table 1).  

As the consequence of the increase in S content upon SO2 exposure, the N/S ratio 
(total content basis) of the shoot of Kasumi F1 decreased upon exposure to all SO2 levels, 
but that of Beijing 3 remained unaffected upon exposure to 0.1 µl l-1 and it decreased 
upon exposure to 0.2 to 0.8 µl l-1 SO2 (Table 1).  Both in Kasumi F1 and Beijing 3, SO2 
exposure resulted in a decrease in the organic N/S ratio of shoot at levels higher than 0.2 
µl l-1 SO2 due to an increase in the organic S content (Table 1). 
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Table 1. The impact of SO2 on shoot biomass production (g FW), dry matter content (%), 
inorganic and organic S and N compounds (µmol g-1 DW and mmol g-1 DW, respectively) and 
thiols (µmol g-1 FW) of two Chinese cabbage cultivars. 10-day-old seedlings were grown in soil 
without nutrient limitation in a climate-controlled room for 4 days. The plants were then 
exposed to various levels of SO2 for 10 days. Data on shoot fresh biomass production and dry 
matter content represent the mean of 2 experiments with 6 measurements in each (± SD). 
Biomass production was calculated by subtracting the initial weight from the weight at harvest. 
Data on SO4

2-, NO3
-, total S and N content of the shoot represent the mean of 2 experiments with 

3 measurements on 2 plants in each (± SD). Data on total water-soluble non-protein thiols 
content represent the mean of 3 measurements with 2 plants in each (± SD). The organic S and 
N contents were derived by subtracting the SO4

2- and NO3
- content from the total S and N 

content. Different letters indicate significant differences at p ≤ 0.01 between different treatments. 
 
 

 SO2 (µl l-1) 

 0 0.1 0.2 0.4 0.6 0.8 

Kasumi F1 

Biomass  production 6.2±1.0c 6.6±1.7c 6.5±1.0c 4.3±1.0b 4.3±1.3b 2.9±0.9a 
Dry matter content  8.0±0.2c 7.6±0.3b 7.7±0.3b 7.6±0.2b 7.1±0.3a 7.3±0.3a 
SO4

2-  115±4a 137±2b 175±17c 181±10c 277±13d 285±31d 
NO3

- 0.58±0.43a 0.69±0.14a 0.92±0.27a 0.53±0.28a 0.75±0.13a 0.86±0.17a 
Total S  177±5a 205±11b 242±13c 290±4d 395±8e 402±3e 
Total N 4.16±0.04a 4.35±0.07a 4.27±0.01a 4.34±0.03a 4.50±0.04a 4.47±0.04a 
Thiols 0.38±0.04a 0.43±0.03a 0.48±0.02b 0.47±0.04a

b
0.67±0.04c 0.62±0.08b

Organic S 62±8a 68±9a 67±29ab 108±8b 118±7b 116±34b 
Organic N 3.6±0.5a 3.7±0.2a 3.4±0.3a 3.8±0.3a 3.8±0.1a 3.6±0.2a 
Organic S/total S 35±4a 33±3a 27±11a 37±3a 30±2a 29±8a 
N/S ratio (total) 24±1e 21±2d 18±1c 15±0b 11±0a 11±0a 
N/S ratio (organic) 59±14b 55±11b 57±15b 35±3a 32±1a 33±10a 
Beijing 3 

Biomass production 6.5±1.1c 4.8±0.4b 4.4±0.6b 3.1±0.5a 3.3±0.7a 2.8±0.4a 
Dry matter content  7.2±0.1b 6.5±0.3a 6.6±0.3a 6.4±0.2a 6.5±0.4a 6.6±0.2a 
SO4

2-  168±1a 195±6b 255±9c 263±3c 278±3d 308±9e 
NO3

- 0.72±0.32a 1.26±0.16b 0.58±0.35a 1.66±0.12d 1.61±0.03d 1.49±0.01c 
Total S 248±11a 287±14b 360±15c 379±6d 400±14e 458±11f 
Total N 4.00±0.18a 4.27±0.12a 3.82±0.17a 4.72±0.07b 4.54±0.25b 4.60±0.14b 
Thiols  0.29±0.02a 0.29±0.01a 0.44±0.02b 0.47±0.01b 0.66±0.06c 0.80±0.09c 
Organic S 81±10a 92±19ab 105±7b 116±4c 123±12c 150±6d 
Organic N  3.3±0.2a 3.0±0.1a 3.2±0.2a 3.1±0.1a 2.9±0.3a 3.1±0.1a 
Organic S/total S 32±2a 32±5a 29±1a 31±1a 31±2a 33±2a 
N/S ratio (total) 16±1c 15±1c 11±1ab 12±0b 11±1ab 10±1a 
N/S ratio (organic) 41±3d 33±7cd 31±2c 26±2b 24±2b 21±2a 
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Fig. 1. Kinetics of SO2 uptake and transpiration in shoot of Chinese cabbage. 10-day-old 
seedlings were grown on a 25% Hoagland nutrient solution for 1 week and subsequently the SO2 
uptake and transpiration rate were measured at various atmospheric SO2 levels. SO2 uptake and 
transpiration rate are expressed as µmol g-1 FW h-1 and mmol g-1 FW h-1, respectively. Data 
represent the mean of 4 measurements with 3 plants in each (± SD). 
 
 
Development of S deficiency symptoms in plants upon SO4

2- deprivation of the nutrient 
solution  
 
Transfer of plants to a nutrient solution without SO4

2- (SO4
2- deprivation) resulted in a  

strong decrease in the content of total S and SO4
2- in both shoot and root and it resulted 

in a rapid development of S deficiency symptoms in both Chinese cabbage cultivars 
(Tables 2 and 3; Fig. 2). After 6 days of deprivation there was a significant reduction in 
biomass production, a decrease in chlorophyll and carotenoids content, an enhanced dry 
matter content of shoot and a lower dry matter content of the root (Table 2, Table 3). 
Shoot growth was affected more than root growth upon SO4

2- deprivation, resulting in 
decrease in the shoot/root ratio (Table 2, Table 3). SO4

2- deprivation resulted in a 
substantial increase in the amino acids content in the shoot, whereas that of the root was 
slightly increased (Table 2, Fig. 2).  SO4

2- deprivation did not affect total N content of 
shoot and root of Kasumi F1, whereas that of shoots of Beijing 3 was decreased (Fig. 2).  
 
SO2 as S source of SO4

2--deprived plants 
 
A 5-day exposure of SO4

2--sufficient Chinese cabbage to 0.06 (Kasumi F1) and 0.06 to 
0.18 µl l-1 SO2 (Beijing 3) did not affect both shoot and root biomass production, 
whereas the dry matter content was slightly enhanced at levels ≥ 0.12 µl l-1 SO2 (Beijing 
3, Table 3). When SO4

2--deprived plants were simultaneously exposed to SO2, the 
development of S deficiency symptoms was alleviated and shoot biomass production was  
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Table 2. The impact of SO2 and SO4
2- nutrition on biomass production (g FW), dry matter 

content (%), pigments (mg g-1 FW), inorganic S, N and amino acids (µmol g-1 FW) and total S 
and N (µmol g-1 DW and mmol g-1 DW, respectively) of Chinese cabbage cv. Kasumi F1. 10-
day-old seedlings were grown on a 25% Hoagland nutrient solution in a climate-controlled 
room for 9 days. Thereafter, plants were grown on a 25% Hoagland nutrient solution at 0 and 
0.5 mM SO4

2-, acclimated for 1 day in the fumigation cabinets and subsequently exposed to 0 
and 0.06 µl l-1  SO2 for 5 days. Data on biomass production, dry matter content, shoot/root ratio, 
total S and N represent the mean of 3 experiments with 3 measurements on 9 plants in each (± 
SD). Data on chlorophyll and carotenoids content represent the mean of 2 experiments with 3 
measurements on 3 plants in each (± SD). Data on SO4

2-, NO3
- and amino acid content represent 

the mean of 3 experiments and 3 measurements each (± SD). Shoot and root biomass 
production was calculated by subtracting the initial weight from that at the harvest. Different 
letters indicate significant differences at p ≤ 0.01 between different treatments. 
 

  

0 mM SO4
2-

 

 

0.5 mM SO4
2- 

 0 µl l-1 SO2 0.06 µl l-1 SO2 0  µl l-1 SO2 0.06 µl l-1 SO2 
 

Shoot     

Biomass production  2.56 ± 0.21a 3.60 ± 0.56b 5.04 ± 0.97c 4.61 ± 0.64c 
Dry matter content  7.41 ± 0.35b 7.59 ± 0.69b 6.96 ± 0.67ab 6.34 ± 0.62a 
SO4

2-   1.4 ± 0.3a 1.8 ± 0.8a 11.5 ± 1.2b 12.7 ± 1.6b 
NO3

-  114 ± 14b 102 ± 8b 70 ± 16a 80 ± 14a 
Amino acids  34 ± 9c 23 ± 7b 12 ± 3a 12 ± 4a 
Total S  47 ± 4a 56 ± 14a 224 ± 26b 270 ± 24c 
Total N  3.82 ± 0.11a 3.75 ± 0.21a 3.83 ± 0.21a 4.29 ± 0.46a 
N/S ratio 81 ± 4c 67 ± 13b 17± 2a 16 ± 2a 
Chlorophyll  0.51 ± 0.04a 0.65 ± 0.05b 0.61 ± 0.04b 0.66 ± 0.09b 
Carotenoids  0.11 ± 0.01a 0.14 ± 0.03b 0.13 ± 0.03ab 0.15 ± 0.03b 
Root     

Biomass production  0.55 ± 0.08a 0.69 ± 0.16ab 0.76 ± 0.23b 0.58 ± 0.10ab 
Dry matter content  5.31 ± 0.35a 5.53 ± 0.31ab 5.78 ± 0.11b 6.03 ± 0.23c 
SO4

2-    1.4 ± 0.3a 1.6 ± 0.3a 10.9 ± 1.2b 10.8 ± 1.6b 
NO3

-   53 ± 5b 47 ± 7b 23 ± 9a 29 ± 12a 
Amino acids  14 ± 4b 16 ± 3b 9 ± 4a 11 ± 2ab 
Total S  55 ± 7a 55 ± 6a 259 ± 28b 252 ± 30b 
Total N  3.53 ± 0.28a 3.54 ± 0.30a 3.43 ± 30a 3.50 ± 0.23a 
N/S ratio 64 ± 7b 65 ± 5b 14 ± 1a 14 ± 2a 
Plant     

Biomass production  3.11 ± 0.28a 4.29 ± 0.71b 5.80 ± 1.17c 5.19 ± 0.73c 
Shoot/root ratio 4.9 ± 0.4a 5.1 ± 0.5a 6.7 ± 0.8b 7.6 ± 0.4c 
N/S ratio 79 ± 4b 69 ± 12b 17 ± 2a 16 ± 1a 
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largely increased (0.06 µl l-1 SO2, Kasumi F1, Table 2) or the reduction of shoot biomass 
production even completely alleviated (0.06 to 0.18 µl l-1 SO2, Beijing 3, Table 3). The 
content of chlorophyll and carotenoids in the shoot (Kasumi F1) was similar to that of 
SO4

2-sufficient plants (Table 2) and the increase in amino acid content of the shoot upon 
SO4

2--deprivation was largely (0.06 µl l-1 SO2, Kasumi F1, Table 2) or completely 
alleviated upon SO2 exposure (0.06 to 0.18 µl l-1 SO2, Beijing 3, Fig. 2). However, the 
shoot/root ratio of SO4

2--deprived plants remained low upon SO2 exposure (Table 2, 
Table 3). The latter was due to the fact that the root biomass production of SO4

2--
deprived plants was not only significantly enhanced upon SO2 exposure; it was even 
higher than that of plants grown at SO4

2--sufficient conditions both in presence and 
absence of SO2 (Table 3). The dry matter content of the shoot of SO4

2--sufficient Beijing 
3 plants was only slightly increased and that of SO4

2--deprived plants slightly decreased 
only upon SO2 exposure (Table 3). The dry matter content of the root was not affected by 
SO2 exposure and was slightly lower in SO4

2--deprived than in SO4
2--sufficient plants 

(Table 2, Table 3). 
 
Impact of SO2 on metabolite content of SO4

2--sufficient and SO4
2--deprived plants 

 
Exposure of Kasumi F1 and Beijing 3 to SO2 resulted in an increase of the total S and 
SO4

2- content of the shoot, both in SO4
2--deprived and SO4

2--sufficient shoots, but those  
in 
 
 
Table 3. The impact of SO2 and SO4

2- nutrition on biomass production (g FW) and dry matter 
content (%) of Chinese cabbage cv. Beijing 3. 10-day-old seedlings were grown on a 25% 
Hoagland nutrient solution in a climate-controlled room for 9 days. Thereafter, plants were 
transferred to 25% Hoagland nutrient solution at 0 and 0.5 mM SO4

2-, acclimated for 1 day in 
the fumigation cabinets, and then exposed to various levels of SO2 for 5 days. Data on biomass 
production, dry matter content and shoot/root ratio represent the mean of 3 measurements with 9 
plants in each (± SD). Different letters indicate significant differences at p ≤ 0.01 between 
different treatments. 
 

 SO4
2- (mM) SO2 (µl l-1) 

  0.00 0.06 0.12 0.18 

Shoot      
Biomass production  
 

0  
0.5  

2.65±0.23a 
4.59±0.54b 

3.92±0.76ab 
4.70±0.33b 

4.12±0.55b 
4.12±0.34b 

3.93±0.27b 
4.58±0.62b 

Dry matter content 
 

0  
0.5  

7.01±0.20d 
5.86±0.08a 

6.35±0.04c 
5.81±0.17ab 

6.42±0.25bc 
6.39±0.17bc 

5.95±0.28ab 
6.17±0.04b 

Root      
Biomass production  
 

0  
0.5 

0.49±0.03a 
0.52±010ab 

0.78±0.15b 
0.57±0.09ab 

0.78±0.10b 
0.59±0.04ab 

0.60±0.05ab 
0.54±0.08ab 

Dry matter content 
 

0  
0.5  

5.31±0.07a 
5.59±0.01b 

5.65±0.17a 
5.92±0.24bc 

5.37±0.12a 
6.04±0.12bc 

5.43±0.12a 
6.13±0.02c 

Shoot/root ratio      
 0  

0.5  
5.8±0.2a 
8.2±0.4c 

5.4±0.5a 
7.9±0.5c 

5.5±0.3a 
6.8±0.3b 

6.6±0.5b 
8.0±0.2c 
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in the root remained unaltered (Table 2, Fig. 2). The total N and NO3
- contents of SO4

2-
deprived and SO4

2--sufficient Kasumi F1 plants were not affected upon exposure to 0.06 
µl l-1 SO2  (Table 2). Likewise, the contents of total N and NO3

- of both root and shoot of 
SO4

2--sufficient Beijing 3 were hardly affected by 0.06 to 0.18 µl l-1 SO2 (Fig. 2), except 
that here the decrease in total N content of the shoot upon SO4

2--deprivation was 
alleviated at all SO2 levels (Fig. 2) and the NO3

- content of the root of SO4
2--sufficient 

plants was slightly lower upon SO2 exposure (Fig. 2). In addition to the alleviation of 
amino acid accumulation in SO4

2-deprived shoots, SO2 exposure resulted in an increased 
level of amino acids in the root of both SO4

2-deprived and SO4
2--sufficient Beijing 3 

plants (Fig. 2). 
The N/S ratio of SO4

2-sufficient plants was much lower than that of SO4
2-deprived 

plants, for both shoot and root of Kasumi F1 and Beijing 3 (Table 2, Fig. 2). Exposure of 
SO4

2--deprived Kasumi F1 and Beijing 3 to SO2 resulted in a decrease of the N/S ratio in 
the shoot but did not affect that of the root. The N/S ratio of the shoot decreased with 
increasing SO2 levels as a consequence of the increase in total S and SO4

2- content (Table 
2, Fig. 2). The N/S ratio of shoot and root of SO4

2-sufficient plants was not significantly 
affected upon exposure to 0.06 to 0.18 µl l-1 SO2 (Fig. 2). 
 
 
Discussion 
 
Shoots of Chinese cabbage formed a sink for atmospheric SO2 similar to observations 
with other plant species (De Kok, 1990; Van Der Kooij et al., 1997; Van Der Kooij and 
De Kok, 1998). A linear relation was observed between the rate of SO2 uptake and the 
atmospheric SO2 level for both Chinese cabbage cultivars. It strongly supported the 
suggestion that the deposition of SO2 is largely determined by physical/chemical factors, 
the high solubility and the rapid hydration of absorbed SO2 in the apoplastic water (De 
Kok, 1990; Van Der Kooij and De Kok, 1998). The absorbed SO2 was either oxidized to 
sulfate or metabolized into organic S. The proportion of the organic S fraction accounted 
for 30% of the total S content and remained unaltered upon SO2 exposure to levels of 0.1 
to 0.8 µl l-1. 
  
 
 
_____________________________________________________________________________ 
 

Fig. 2. The impact of SO2 exposure and SO4
2-nutrition on the S and N metabolite content of 

Chinese cabbage cv. Beijing 3. 10-day old seedlings were grown on a 25% Hoagland solution 
for 9 days in a climate-controlled room. Thereafter, plants were transferred to 25% Hoagland 
solution containing 0 (white bars) or 0.5 mM SO4

2- (grey bars), acclimated for 1 day in the 
fumigation cabinets, and then exposed to various levels of SO2 for 5 days. Data on SO4

2-, NO3
- 

and amino acids content (µmol g-1 FW) represent the mean of 3 measurements (± SD). Total S 
and total N content (µmol g-1 DW and mmol g-1 DW, respectively) represent the mean of 3 
measurements with 9 plants in each (± SD). Different letters indicate significant differences at p 
≤ 0.01 between different treatments. 
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 SO2 is potentially phytotoxic and may affect plant growth at relatively low 
atmospheric levels. However, there is a wide variety in the susceptibility between species 
and cultivars (De Kok, 1990; De Kok and Tausz, 2001). From the present study it was 
evident that Chinese cabbage was rather susceptible to SO2. A 10-day exposure of 
Beijing 3 to ≥ 0.1 µl l-1 SO2 levels, which regularly occur as peak levels in highly 
polluted areas in China, already resulted in a reduction of biomass production. Similar to 
previous observations with other Brassica cultivars with H2S (De Kok et al., 1997, 2000; 
Stuiver et al., 1997; Buchner et al., 2004), Chinese cabbage was also able to use foliarly 
absorbed SO2 as S source for growth. SO2 appeared even to be beneficial when the root 
was deprived of SO4

2-. 
 From calculations on the plants’ S requirement for growth, which may be defined as 
the rate of S uptake and its assimilation necessary per gram plant biomass produced with 
time (Durenkamp and De Kok, 2004), Kasumi F1 and Beijing 3 had a sulfur requirement 
of 5.1 and 4.7 µmol g-1 fresh weight day-1 respectively. On the basis of a 14-hour 
photoperiod, the organic S requirement for structural growth and the SO2 uptake kinetics, 
it can be estimated that an atmospheric SO2 level of approximately 0.1 µl l-1 should be 
sufficient to cover the S requirement if Chinese cabbage were able to transfer from 
pedospheric SO4

2- to SO2 as S source for growth. From the present data it is obvious that 
upon SO4

2- deprivation the development of S deficiency symptoms was already 
alleviated at atmospheric levels as low as 0.06 µl l-1 SO2. This SO2 level was apparently 
already sufficient to cover the plants’ S requirement to maintain structural growth, since  
biomass production at this level was nearly similar to that of the control plants growing  
at SO4

2--sufficient conditions without SO2.  
Exposure of plants to SO2 generally results in enhanced levels of SO4

2-, water-soluble 
non-protein thiols and total S in the shoot (Dodd and Doley, 1998; Tausz et al., 2003; De 
Kok, 1990; De Kok et al., 1997). A similar increase in the level of the different S 
compounds was observed in the shoots of the two cultivars of Chinese cabbage upon 
exposure to ≥ 0.2 µl l-1 SO2.  However, at 0.06 to 0.18 µl l-1 SO2, the SO4

2- and total S 
contents of the shoot of SO4

2--deprived plants remained lower than those of the SO4
2--

sufficient plants, whereas the total N content was hardly affected at all. Regardless of 
some minor differences in changes in metabolic pools, viz. amino acid content, both 
cultivars of Chinese cabbage responded in a quite similar way to both SO4

2--deprivation 
and SO2.  

In both cultivars of Chinese cabbage there was a shift in shoot to root biomass 
partitioning upon SO4

2- deprivation, in favor of that of the root resulting in a decreased 
shoot/root ratio. Similar to observations with H2S (De Kok et al., 1997, 2000; Stuiver et 
al., 1997; Buchner et al., 2004), the low shoot/root ratio response to SO4

2- deprivation 
was not rapidly alleviated when pedospheric SO4

2- was replaced by atmospheric SO2 as S 
source for growth.  SO4

2--deprived Arabidopsis plants showed a similar increase in root 
growth upon SO4

2- deprivation, which could be ascribed to an increased lateral root 
density close to the root tip (López-Bucio et al., 2003). To what extent such a change of 
root-system architecture occurs in SO4

2--deprived Chinese cabbage needs further 
evaluation. It remains to be questioned which signal determines the change in shoot to 
root partitioning upon SO4

2- deprivation, even in the presence of sufficient atmospheric 
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SO2 to maintain growth, though the actual SO4
2- level in the root environment might be a 

good candidate. Similar to previous observations upon H2S exposure, there is apparently 
no strict and direct shoot to root signaling (e.g. via reduced S compounds) in the tuning 
of the factors involved in the SO4

2--uptake by the root (viz. SO4
2- uptake capacity, 

expression of the SO4
2- transporters or root development; Buchner et al., 2004). Under 

field conditions foliar S fertilization of soil S-deficient plants could be beneficial because 
of the relatively higher investment in root growth, and hence a greater capacity for soil 
exploration. This might profoundly affect the capacity of plants to take up nutrients and 
water, especially under stress conditions such as limited available nutrient resources 
and/or drought.  

The atmospheric SO2 concentrations in the Beijing area have substantially decreased 
during recent years, because of the great effort to decrease air pollution levels (Yang et 
al., 2005). During recent years, S deficiency has become a major problem in agricultural 
crops throughout China, due to an imbalance of S in relation to N, P and K in the 
fertilizers. One-fourth of a total of more than 18,000 soil samples from China appeared 
to be S deficient (Yang et al., 2005). The area under cultivation for Chinese cabbage in 
the Beijing and Tianjin areas was around 26,000 ha y-1 in recent years. A survey of the 
nutrient content of the soils in these areas showed that about 30% of the farmland area 
was S deficient (Yang et al., 2005; Zhou et al., 2005). Pot experiments in the Beijing area 
showed that shoot biomass production of the Chinese cultivar Beijing 3 was increased by 
50% over a period of 28 days when 30 kg S ha-1 was applied to the soil. In these 
experiments higher levels of sulfur fertilization had no further effect (Yang et al., 2005). 
Field trials in the Tianjin area over 3 growing seasons showed that NPK fertilization with 
60 to 120 kg S ha-1, compared with the farmers’ routine treatment of only NP, increased 
Chinese cabbage yield by 16.9 to 26.4%. Additional experiments showed differences in 
response to sulfur fertilization between cabbage cultivars. Applying 60 kg S ha-1 
increased the yield of Beijing 3 by 10.6% only (Zhou et al., 2005). The annual economic 
loss in the S deficient Beijing and Tianjin areas (7,800 ha), might account up to 283 US$ 
ha-1, and up to 2.2 million $ for the S-deficient area in total (Yang, L. and Zhou, Y., 
personal communication). Comparison of the results obtained in pot experiments (Yang 
et al., 2005) with those of the field trials with the same cultivar of Chinese cabbage 
(Zhou et al., 2005) showed that pot experiments might clearly give an indication that 
fertilizer recommendation has to be reconsidered. However, further field trials are 
necessary to fully establish the amount of fertilizer needed for a full growing season, as 
shown in Zhou et al. (2005). 

The economic loss due to S deficiency might be considerable. The present data 
showed that exposure to 0.1 µl l-1 SO2 under laboratory conditions resulted in a decrease 
in shoot fresh biomass production in the cultivar Beijing 3. Since average SO2 levels can 
be higher than 0.1 µl l-1 in polluted areas in China (Yang et al., 2002) economic losses 
can be expected. At present no data is available on the economic loss of Chinese cabbage 
by SO2 pollution. Data on economic losses of crops in general by acid deposition and 
SO2 pollution indicated that in 11 provinces in the south of China the area suffering from 
acid deposition was 12.89 × 106 ha, and annual economic losses due to atmospheric SO2 
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pollution and acid deposition were 0.5 × 109 US$ (38.9 US$ ha-1; Feng, 2000). Therefore, 
clean air acts should come into force all over China. 

In conclusion, the present results demonstrated that atmospheric SO2 could be utilized 
as S source for Chinese cabbage, especially when grown in S deficient soils as found in 
the Beijing and Tianjin areas. In other regions in China S fertilizer recommendations 
have to be adjusted to the level of the local atmospheric S deposition. 
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